The surgical options available for intractable hemispheric epilepsy have evolved since their initial description in the early 20th century. Surgical techniques have advanced, as has the ability to predict good surgical outcomes with noninvasive diagnostics. The authors review the history of hemispherectomy and detail the novel imaging and surgi cal strategies used to confer seizure freedom. (http://thejns.org/doi/abs/10.3171/2013 key WOrds • hemispherectomy • peri-insular hemispherotomy • epilepsy surgery 1 Abbreviations used in this paper: DTI = diffusion tensor imaging; EEG = electroencephalography; MEG = magnetoencephalography.
T he treatment for intractable epilepsy has been evol ving since Horsley performed the first surgery for epilepsy in 1886. 13 For catastrophic epilepsy, the entire removal of one hemisphere was advocated in 1938 by McKenzie. 2 Since then, several advances have brought the initially abandoned procedure back into fa vor for intractable hemispheric epilepsy. This article will highlight the recent developments and technical details of hemispherectomy.
Historical Overview
Initially, hemispherectomy was described and per formed for tumor control. Both Dandy and Gardner re ported series-in 1928 and 1933, respectively-on the treatment of malignant glioma. Due to significant mor tality, the procedure was abandoned. 5, 11 McKenzie revi talized the technique and applied it to epilepsy in 1938. Krynauw, reporting on 8 cases in his 1950 publication, was among the first to popularize the technique routinely for epilepsy in 1950. 2, 12, 17 Yet after a report by Oppen heimer and Griffith in 1960 that described delayed mor talities due to superficial hemosiderosis, the technique of anatomical hemispherectomy fell out of favor. 20 Accord ingly, to avoid superficial hemosiderosis, other surgical techniques were developed. Functional hemispherectomy was devised by Ras mussen in 1974. 27 He is credited with developing the no tion that hemispherectomy could be achieved through disconnection of the main crossing fibers, rather than resection. This technique was further modified by Vil lemure and Schramm with a peri-insular approach, and Delalande with a parasagittal disconnection procedure. Both techniques are known as "hemispherotomy." 1, 2, 7, 8 Overall seizure freedom with the newer procedures range from 74% to 85%.
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Preoperative Planning
In order for a patient to be a candidate for surgery, his or her seizures have to be proven intractable. Although the definition of intractability varies in the literature, it typically involves failure of 3 first-line antiepileptic med ications. Other variables that can predict intractability are: early age at seizure onset, remote symptomatic eti ology, infantile spasms, status epilepticus, poor response to short-term antiepileptic therapy, and failure of initial antiepileptic drug trial. 23 Hemispherectomy should only be performed for the treatment of epilepsy when seizures are limited to one hemisphere and when multifocal hemi spheric resections would not be efficacious. In general,
Hemispherectomy: historical review and recent technical advances
Sturge-Weber syndrome, cortical dysplasia, hemimega lencephaly, Rasmussen syndrome, porencephalic cyst, and hemiconvulsion-hemiplegia-epilepsy syndrome are diffuse hemispheric disorders that result in progressive epilepsy, and patients with these conditions may benefit from hemispherectomy. 2, 3 Isolating the epileptogenic zone is paramount in the preoperative evaluation; however, there is no specific study or test that accomplishes this. Routine testing includes in terictal and ictal scalp video-EEG, MRI, and frequently PET and functional MRI. Magnetoencephalography has been used with increasing frequency in preoperative and postoperative epilepsy surgery. The events are modeled according to the MEG spike source localization and fre quency. In our experience, 20 MEG spike sources local ized within 1 cm or less correlated with seizure outcome upon removal of the MEG spike sources at surgery. 14 We have recently described the use of MEG in over 600 epi lepsy patients, with more than 200 accounting for surgi cal cases. From this series, there were 13 patients who underwent MEG for diffuse hemispheric epilepsy, where the MEG correlated to the video-EEG in the majority of cases and unilateral MEG spike waves correlated to good postoperative outcomes.
26 RamachandranNair et al. 22 de scribed the use of MEG with normal or nonfocal MRI and found that correlation between EEG and MEG pre dicted good seizure outcome, whereas seizure freedom was least likely to occur when the results of the studies were conflicting. MEG clusters were described as 6 or more spike sources with less than 1 cm between adja cent sources, with scatters containing fewer than 6 spike sources irrespective of the distance between sources, or spike sources separated by 1 cm or less irrespective of the number of sources. The authors concluded that the presence of a MEG cluster confined to the resection area is required for seizure freedom. Moreover, they found that patients with bilateral MEG dipole clusters or pa tients that had only scattered dipoles demonstrated worse seizure outcome. Recently, DTI has also been beneficial in assisting in locating the epileptogenic zone. Widjaja et al. 31 reported on the use of DTI to identify white matter changes in children who have negative results on MRI. The authors performed DTI image analysis "on a group of controls across individual patients" (26 age-matched healthy controls and 24 patients with epilepsy). They then created statistical maps (based on differences in fraction al anisotropy, mean diffusivity, and 3 eigenvalues), which described the white matter changes in both MRI-visible focal cortical dysplasia and MRI-negative localizationrelated epilepsy. This is important, as outcomes with re spect to seizure control are better in patients who have anatomical abnormalities than in those with truly normal findings on imaging. Diffusion tensor imaging can help identify these subtle changes that might assist with lo calizing the affected hemisphere. 31 In addition, DTI can confirm completeness of hemispheric disconnection and identify persistent residual areas of connectivity that can hinder seizure outcome (Fig. 1) .
With regard to when to intervene, the timing of sur gery varies. However, it is reasonably well accepted now that the shorter the time between seizure onset and sur gery, the higher the success rate. It is also believed that the earlier the seizures are controlled, the better chance there is for psychosocial and cognitive development. More over, the ability for the dominant hemisphere to ob tain language declines after the 6th to 8th year, thus sup porting the role for earlier surgery.
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Techniques of Hemispherectomy
As the goal for hemispheric epileptic disorders is re moval of the offending agent, the neurosurgical tech niques include complete anatomical resection, cortical resection, multiple lobectomies with minimal disconnection, and maximal disconnection with minimal brain resection. Anatomical hemispherectomy offers good seizure con trol, in the range of 80%-90%, but it has the associated morbidity and mortality of superficial hemosiderosis.
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To counter superficial hemosiderosis, modifications have ensued that lead to safer postoperative courses. Hemidecortication involves resecting the cortex down to the white matter. This procedure prevents the contamination of the ventricular system with blood products, a problem seen with the conventional anatomical procedure. With hemidecortication, there is inherent difficulty in obtain ing complete cortical resection, specifically on the basal and mesial side of the lobes. Accordingly, the seizure freedom rates are lower than with other procedures-ap proximately 50%-80%. 2, 18, 19 Hemidecortication remains a good technique, especially if the ventricular anatomy is unfavorable to a ventricular approach. Functional hemi spherectomy involves a temporal lobectomy, resection of the central region, and disconnection of the residual frontal and parietooccipital lobes. This provides a seizure freedom rate of 75%. 2, 27 In 1992, Delalande introduced the term "hemispherotomy" to move away from maximal brain resection to maximal disconnection with minimal resection. Two different approaches were developed for hemispherotomy: vertical and lateral. Several modifications have also ensued: interhemispheric, transopercu lar, transsylvian keyhole, peri-insular, ultrasound guided, mod ified lateral. 2, 4, 6, 8, 15, 24, 25, 29, 30 We generally prefer a modified peri-insular hemi spherotomy approach. A craniotomy based on the insula is performed, and the dura is opened. Resecting the fron toparietal opercular cortex down to the insular pial bank creates the supra-insular window. The infra-insular win dow is created similarly by resecting the temporal oper cular cortex (Fig. 2) . The sylvian vessels are protected and preserved. An anterolateral temporal lobectomy in cluding mesial structures is often performed and allows sufficient space in the event there is postoperative cere bral edema. The corona radiata is transected by opening the temporal horn posteriorly and continuing around to the frontal horn of the lateral ventricle. A callosotomy is performed by identifying the peri-callosal vessels just posterior to the foramen of Monro and following the ves sels and the free edge of the falx cerebri posteriorly as it merges with the free edge of the tentorium cerebelli (Fig.  3) . If a temporal lobectomy is not performed, the temporal lobe is disconnected by incising the fimbria fornix at the level of the splenium. The frontal disconnection is cre ated by transecting the frontal lobe in a subpial fashion to the medial interhemispheric pia. Lastly, the insular cortex is subpially resected, preserving the penetrating arteries.
Outcome
Overall, hemispherectomy bestows an excellent sei zure control rate of 85%-100%, with better outcomes seen in patients with Sturge-Weber syndrome, Rasmus sen encephalitis, and focal infarct pathology. 8, 16, 18, 21, 25, 26, 28 When we compared hemidecortication against peri-insu lar hemispherotomy at the Hospital for Sick Children, we demonstrated a seizure outcome advantage with hemi spherotomy. 18 The expected hemiparesis due to transec tion of the corticospinal tracts does not appear to affect ambulatory status in most series. 16, 18 In addition, perform ing a hemispherectomy appears to stop the progressive neurocognitive decline that can be seen with infantile epilepsy syndromes. 9 Historically, the major cause of morbidity and mor tality was superficial hemosiderosis. However, with the recent modifications and favoring of minimal brain resec tion and maximal disconnection, the current complica tions include postoperative infarcts, hydrocephalus, ane mia from blood loss, and sinus thrombosis.
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Conclusions
Significant advances have been made in surgery for intractable epilepsy over the last century. Defining the epileptogenic zone noninvasively with a myriad of new techniques will allow our ability to predict surgical can didacy to improve, as well as obtain seizure freedom in the majority of patients. Hemispherectomy, once asso ciated with significant morbidity, has now also evolved into a safe, effective procedure for catastrophic epilepsy. The introduction of new neuroimaging techniques such as MEG and DTI has facilitated our abilities to enhance the workup and investigation of the child with a profound hemispheric epileptic disturbance. Swift workup and in vestigation will ensure that children who are candidates for hemispherectomy can be identified early and can go to surgery with the expectation of long-term excellent sei zure control.
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